Development of new techniques for deposition of biologically active coatings in the form of bio-recognition layers in biosensor construction is a current technological challenge. Biosensors are widely applied in environmental protection in determination of hazardous materials, e.g., catechol, hydrochinon or resorcinol. Application of a soft plasma polymerization (SPP) technique by lowenergy-density corona discharge has allowed significant simplification of the deposition process of bio-recognition layers. However, the mechanism of the SPP process is by no means fully understood. This paper presents insights into the mechanism of binding laccase enzyme onto graphene oxide (GO) and multiwalled carbon nanotubes (MWCNT) through analysis carried out by density functional theory (DFT) methods and Fourier transform infrared spectroscopy (FTIR). The objective was to examine the mechanism on the basis of binding energies and electrostatic interactions between laccase and carbon nanomaterials as well as enzyme structure after cold plasma deposition. The lowest binding energies have been calculated for the O-N bond between the arginine amino acid of laccase and the hydroxyl group of GO and the C-O bond between the serine molecule of laccase and the carboxyl groups of GO and MWCNT. FTIR and DFT studies showed that the chemical structures of the laccase enzyme and carbon nanomaterials after corona jet plasma treatment are not substantially changed. Preliminary recognition of the mechanism of biosensing layer deposition by the SPP technique opens the way to application of this innovative technique to the construction of other biosensors such as for determination of pollutants in water samples.
Introduction
Laccase (EC 1.10.3.2) is an oxidoreductase enzyme capable of oxidation of phenolic compounds with simultaneous reduction of oxygen to water without using any co-substrate [1] . The active center of laccase responsible for its biological activity is composed of four copper atoms divided into three groups: T1, T2 and T3. The T1 group is responsible for the characteristic blue color of the enzyme from which laccase is also called blue enzyme. The T2 copper atom group shows absorption at 330 nm, and T3 creates a binuclear cluster composed of two antiferromagnetically coupled copper atoms [2] . The wide application of the laccase enzyme in biotechnology for the construction of biosensors comes from its redox properties.
Biosensors based on the laccase enzyme are widely used in analytical chemistry, medicine and environmental protection. They contain a bio-recognition layer consisting of enzyme deposited onto a conductive solid support, e.g., glassy carbon or carbon paste electrode [3] . Until recently, laccase bio-recognition layers have been deposited using complex and time-consuming ''wet'' processes which typically involve hours of conditioning of the conductive solid support in the enzyme solution [4] [5] [6] and the use of cross-linking agents [7] . The continuous growth of biosensor applications necessitates development of new methods allowing faster construction without loss of any analytical parameters, i.e., linearity, sensitivity or stability. A significant step in progressing biosensor construction methods was development of the corona SPP (soft plasma polymerization) technique [8] [9] [10] . The principle of the corona SPP process is polymerization/cross-linking and bonding of biological precursor onto solid support inside a lowenergy-density pin-to-plane-type corona discharge without the need to use polymerizing gas such as ethylene or cross-linking/bonding chemical agents. In recent years, there has been a significant increase in nanomaterial application in the construction of novel biosensing systems [11] . Analysis of the literature shows that the substrates most commonly used for deposition of the bio-recognition layers and in biosensor construction are carbon nanomaterials such as graphene oxide (GO) or multi-walled carbon nanotubes (MWCNT). Despite the wide application of laccase in biosensor construction, the mechanism of the bio-recognition layer plasma deposition is not well understood.
Laccase bio-recognition layers are obtained by immobilization of enzyme onto conductive solid supports. The term ''immobilization'' was introduced in 1971 and means movement limitation by binding enzymes onto solid support [12] . Many techniques of enzyme immobilization are described in the literature which are based on chemical and physical mechanisms. Enzyme immobilization via chemical mechanisms includes: (1) attachment of the enzyme to the support by covalent bonds; (2) cross-linking between the support and enzyme; (3) cross-linking of enzyme using multifunctional reagent. Enzyme immobilization via physical mechanisms depends on its entrapment inside spun fibers or gel matrix [13] . The bio-recognition layer immobilization technique directly influences the analytical properties of enzyme biosensors [11] . Non-covalent immobilization by physical mechanisms needs special properties of both enzymes and solid support material, whereas covalent immobilization via chemical mechanisms provides durable attachment between immobilized enzyme and the support [1] . Laccases immobilized onto different solid supports have found wide application in many industrial branches, e.g., biosensor construction [4, 14, 15] or pollutants removal [16] [17] [18] . GO was firstly synthesized by Brodie in 1859 as a result of chemical oxidation of graphite using potassium chlorite and fuming nitric acid [19] and has been widely applied for the deposition of the bio-recognition layer in construction of biosensing systems. GO is a semi-aromatic, two-dimensional sheet of carbon rings with oxygen functional groups, i.e., hydroxyl, epoxy, carbonyl and carboxyl [20] , with carbon-to-oxygen ratio approximately 3:1 [21] . The presence of these groups makes GO an attractive carbon nanomaterial widely used in bio-molecule immobilization such as pectinase [22] or laccase [23] [24] [25] . The chemical and mechanical properties of GO have resulted in this nanomaterial being commonly used in the construction of sensors and biosensors designed for determination of glucose [26, 27] , IL-6 [28] . The GO surface has also been modified by polymers, e.g., polyaniline [29] , poly(-vinyl alcohol) [30] or nanoparticles [29] . Another carbon nanomaterial widely applied for enzyme immobilization and biosensor construction is MWCNT comprising multiple graphite layers [31] . Its advantages are well-ordered pore structure, high volume and, in consequence, high specific surface area [32] . Many procedures in the literature enable modification of MWCNT aimed at improvement of its bio-capability with biological species [33] . Thus, MWCNT is very often used in the deposition of biorecognition layers, especially laccase [34, 35] , lipase [36] [37] [38] [39] , hemoglobin [33, 40] , glucose oxidase [41] and horseradish peroxidase [42] [43] [44] .
The mechanism of protein interplaying with the solid support has been described using molecular dynamic methods, which can provide information such as orientation, conformational changes or key adsorbing residues. These methods have been applied to understand immobilization mechanism via the adsorption process of cytochrome C onto carboxyl-terminated self-assembled monolayer or graphene oxide [45] , myoglobin onto rutile (110) and (001) surfaces [46] , ribonuclease A [47] , lysozyme [48] as well as laccase [49] [50] [51] . To date, the mechanism of the immobilization process has not been described by density functional theory (DFT) methods. Thus, this work aims to understand at the atomic and molecular level the laccase bio-recognition layer corona SPP deposition process on the two selected carbon nanomaterials, GO and MWCNT. Studies included both theoretical modeling and experimental spectroscopic analysis of the laccase bio-recognition layer deposited by optimized corona SPP process parameters as identified in work [8] . Our previous studies showed that washing of the bio-recognition layer directly after the plasma deposition process causes removal of non-bonded covalently laccase enzyme. It suggests that the mechanism of SPP plasma laccase biorecognition layer deposition is very complex and composes two parallel reactions. Therefore, in this paper quantum-chemical investigation of the mechanism of laccase bio-recognition layer deposition was investigated for two possible paths: (1) creation of strong, covalent bonds and (2) sorption by electrostatic interactions between laccase via external amino acids with the support. Thus, calculations carried out by DFT/B3LYP methods had two main aims: firstly to characterize the energy needed to create covalent bonds (energy bonding) and secondly to estimate the electrostatic interaction between the laccase enzyme and carbon nanomaterials. The aim was to indicate the most probable bonding sites of laccase on carbon nanomaterials through the corona SPP process. Spectroscopic studies of chemical bonds and chemical composition of the as-deposited bio-recognition layers at optimized plasma parameters were performed by infrared spectroscopy with Fourier transformation (FTIR) and X-ray photoelectron spectroscopy (XPS).
Materials and methods

Chemicals and materials
GO in the form of water dispersion and MWCNT in the form of powder were purchased from SigmaAldrich. Laccase bio-recognition layers were deposited by the corona discharge SPP technique on 5 9 1 cm 2 glass slides modified by GO and MWCNT.
GO modification consisted of placing GO water dispersion on a glass slide and leaving to dry for 12 h. Modification of glass slides by MWCNT was carried out by placing 100 lL dispersion of MWCNT in tetrahydrofurane (THF) (with concentration 10 mg MWCNT per 1 mL THF) and leaving to dry for 12 h. Laccase used for deposition of the bio-recognition layer was obtained from Cerrena unicolor C-139 isolated according to the procedure presented in work [52] . The working solution of laccase used in the corona SPP deposition process was prepared by the dissolution of laccase liophilizate in 1 mL of deionized water and its tenfold dilution.
Experimental procedure
The corona SPP technique is designed to deposit biological coatings (bio-recognition layers) without significant loss of original precursor bioactivity by leaving the enzyme active center structure in unchanged form after plasma treatment [9] . The pinto-plane corona discharge delivering the SPP coating process is generated close to ambient temperature and at atmospheric pressure. These two conditions are critical in low molecular damage application of plasma discharge as the initiator of polymerization/ cross-linking and bonding of biologically active precursor, i.e., enzyme. Studies carried out on laccase in work [9] indicated that inside the corona discharge plasma reaction zone biologically active enzyme particles are created with 700 nm diameter and molecular mass up to * 6 times higher in comparison to non-plasma treated enzyme. Our previous study [8] showed that the biological activity of laccase coating deposited by the corona SPP technique is dependent on the chemical composition of the solid support. The results showed that the highest RLA (relative laccase activity [%]) was obtained by deposition of the bio-recognition layer using corona discharge generated at voltages of 4 kV and 3 kV, respectively, onto GO and MWCNT nanomaterials. The voltage applied to generate corona discharge during deposition of the laccase bio-recognition layer directly relates to the discharge power density (W/ mm 3 ). Measurements of corona discharge power showed that binding of laccase enzyme onto GO and MWCNT nanomaterials needs corona discharge total powers of * 10 W and * 6 W, respectively. The studies indicated also the importance of the helium carrier gas flow rate on the RLA of bio-coatings. The results indicated that the highest RLA was obtained by deposition of bio-coating with helium gas flow rates of 12 L/min and 7 L/min, respectively, for GO and MWCNT nanomaterials. The research was carried out at constant deposition time (30 s) and laccase solution flow rate (200 lL/min). FTIR spectra of the laccase bio-recognition layers deposited at optimized parameters on GO and MWCNT were collected using spectrophotometer NICOLET 380 FTIR (Thermos Scientific, Waltham, MA, USA) directly after deposition of the enzyme layer on KBr plates modified using carbon nanomaterials.
XPS spectra collection by UHV multi-chamber analytical system Prevac was made using Mica modified by GO and MWCNT. Immediately following SPP deposition, the laccase bio-recognition layers were placed in the vacuum chamber where they were investigated by the monochromated X-ray beam from the Al target (12 kV, 30 mA). Spectra collection applied step size was 0.5 eV.
Computational procedures
Introduction of laccase enzyme into the corona discharge plasma may well create radicals in the enzyme molecule as a result of bond breaking in functional groups such as -COOH, -OH or -NH 2 . The growth of polymerized/cross-linked laccase in the corona plasma and its attachment as a coating to the carbon nanomaterials support may occur as a result of radical reactions between enzyme and carbon nanomaterials [53] initiated by active plasma species such as ions, free electrons, radicals, molecular fragments and photons. Retention of the biological activity of laccase after the plasma process [9] indicates the occurrence of bonding sites in the external regions of the laccase molecule. On the basis of the above assumption and the crystallographic structure of laccase from Cerrena Maxima (PDB ID: 3DIV) visualized by Chimera (Version 1.1, RBVI, 2004), we selected seven amino acids: arginine (ARG), glutamine (GLN), tyrosine (TYR), aspartic acid (ASP), serine (SER), threonine (THR) and lysine (LYS). These are placed in the external regions of the enzyme molecule and, so, are theoretically available to take part in reactions of polymerization/cross-linking and bonding with surfaces without the need for structural changes in the molecule's active center responsible for biological activity. The equilibrium geometry of each amino acid was found using geometry optimization procedure as shown in Fig. 1a -g.
In the equilibrium structures of the amino acids, we can distinguish two regions: (I) responsible for creation of amide bonds between amino and carboxylic groups and (II) responsible for laccase polymerization/cross-linking and for bonding with carbon nanomaterials' surfaces. This indicates that the corona SPP plasma deposition process may involve bonding the laccase enzyme via amino groups (ARG, LYS and GLN), carboxyl groups (ASP) or hydroxyl groups (SER, THR and TYR). During laccase molecules time of flight through the low-energy corona discharge reaction zone, it is possible that radicals of those groups are created via dissociation of O-H or N-H bonds. Similarly, through the interactions of energetic plasma species with the surface of carbon nanomaterials, carbon radicals are formed which will then react rapidly with enzyme radicals to form bonds of attachment. Analysis of GO chemical structure indicates that it mainly comprises carboxylic and hydroxyl groups. Therefore, our analysis of bonding energies has used the GO models shown in Fig. 2a, b . Plasma-generated radicals in the laccase molecule and GO structure (via dissociation of C-O and O-H bonds) can theoretically lead to formation of different bonds in the laccase enzyme, e.g., N-C, N-O, O-O, C-O-C and C-O-O. Our theoretical analysis was aimed at evaluation of energies needed to create covalent bonds with MWCNT using the model of MWCNT presented in Fig. 2c . The analysis of laccase bonding energy on MWCNT assumes that plasma treatment of the solid support is breaking C-C bonds and creating radicals. We can, therefore, hypothesize the formation of N-C and O-C bonds during plasma deposition of the laccase layer onto MWCNT-modified glass slides.
In summary, our theoretical investigation of the mechanism of attachment by corona SPP of laccase to the carbon nanomaterial supports has involved analysis of 21 complexes named here as: GO-COOH-ARG ? bonding of enzyme by ARG of laccase and -COOH group of GO GO-COOH-ASP ? bonding of enzyme by ASP of laccase and -COOH group of GO GO-COOH-GLN ? bonding of enzyme by GLN of laccase and -COOH group of GO GO-COOH-LYS ? bonding of enzyme by LYS of laccase and -COOH group of GO GO-COOH-SER ? bonding of enzyme by SER of laccase and -COOH group of GO GO-COOH-THR ? bonding of enzyme by THR of laccase and -COOH group of GO GO-COOH-TYR ? bonding of enzyme by TYR of laccase and -COOH group of GO GO-OH-ARG ? bonding of enzyme by ARG of laccase and -OH group of GO GO-OH-ASP ? bonding of enzyme by ASP of laccase and -OH group of GO GO-OH-GLN ? bonding of enzyme by GLN of laccase and -OH group of GO GO-OH-LYS ? bonding of enzyme by LYS of laccase and -OH group of GO GO-OH-SER ? bonding of enzyme by SER of laccase and -OH group of GO GO-OH-THR ? bonding of enzyme by THR of laccase and -OH group of GO GO-OH-TYR ? bonding of enzyme by TYR of laccase and -OH group of GO MWCNT-ARG ? bonding of enzyme by ARG of laccase and MWCNT MWCNT-ASP ? bonding of enzyme by ASP of laccase and MWCNT MWCNT-GLN ? bonding of enzyme by GLN of laccase and MWCNT MWCNT-LYS ? bonding of enzyme by LYS of laccase and MWCNT MWCNT-SER ? bonding of enzyme by SER of laccase and MWCNT MWCNT-THR ? bonding of enzyme by THR of laccase and MWCNT MWCNT-TYR ? bonding of enzyme by TYR of laccase and MWCNT According to the literature [54] , the energy needed to create covalent bonds (bonding energy) between laccase amino acids and carbon nanomaterials has been calculated using Eq. (1).
Figure 2 Equilibrium molecular structure of a GO with carboxyl group, b GO with hydroxyl group and c MWCNT.
E solid support = energy of isolated carbon nanomaterial, E amino acid = energy of isolated amino acid, E solid support amino acid = energy of amino acid bonded to carbon nanomaterial solid support All quantum-chemical analyses reported in this work were done using the density functional theory (DFT/B3LYP) method with the 6-311g-dp basis set by the parallel quantum solution (PQS) suite of ab initio programs and PQSMol graphical user interface package.
Results and discussion DFT analysis of plasma deposition of laccase bio-receptor layer
Energy bonding characterization of laccase amino acids onto GO-OH, GO-COOH and MWCNT
The aim of this paper was modeling of the mechanism of laccase bio-recognition layer deposition through calculation of the quantum-chemical bonding energies of seven amino acids occurring in the outer regions of the laccase molecule in their reactions with carbon nanomaterials. On the basis of the values obtained, we have modeled the mechanism of laccase bio-coating deposition as indicated by the most probable bonding places in the enzyme molecule. Table 1 shows the energies needed to create covalent bonds between the carbon nanomaterials of the supports and amino acids of the laccase enzyme during corona SPP deposition. These data indicate that the energy needed to create covalent bonds during the plasma process is strongly dependent on the material of the solid support and that the lowest energy required for covalent bonding is seen with MWCNT. Quantum-chemical calculations showed that creation of a C-O bond between SER amino acids of laccase and MWCNT needs the lowest bonding energy at * 0.15 eV so that the most probable way for successful deposition of the bio-recognition layer with good attachment to the support is to create covalent C-O bonds between laccase and MWCNT. The presence of the benzene ring in TYR amino acids or the methyl group in THR molecules causes increases in the energy needed for creation of C-O bonds to * 0.33 eV and * 0.47 eV, respectively. Table 1 shows that attachment of laccase onto MWCNT by corona SPP using the carboxyl group of the ASP amino acid to create C-O bonds needs a bonding energy of * 0.45 eV. Creation of --N bonding between MWCNT and the amino group of LYS, ARG and GLN molecules needs bonding energies of * 0.99 eV, * 0.25 eV and * 0.28 eV, respectively. The work [49] modeled immobilization of laccase enzyme onto SWCNT (single-walled carbon nanotubes) via non-covalent interactions and showed that -NH 2 terminated laccase amino acids are the most preferable adsorption sites.
As seen from Table 1 , attachment of laccase to GO needs more energy than to MWCNT both via hydroxyl and carboxyl groups. Among oxygen functional groups of GO, far less energy is needed to create covalent bonds via hydroxyl groups than via carboxyl groups. The highest bonding energy calculated for covalent bonding is between the amino groups of LYS and carboxyl groups on the GO surface at * 3037 eV. In contrast, the modeling indicates that the most probable laccase to GO bonding sites are the amino groups of ARG and GLN amino acids bonding to GO hydroxyl groups. The energy needed to create O-N covalent bonds for both these amino acids is only * 34 eV. Bonding to GO via hydroxyl groups of THR, SER and TYR molecules and carboxyl groups of ASP molecules needs slightly higher energy * 35 eV. Bonding energies of laccase to GO via carboxyl groups are estimated in the range * 2080 eV to * 3100 eV. Any such attachment is probably via hydroxyl groups of SER amino acids present in outer regions of the laccase molecule needing the lowest bonding energy of * 2080 eV.
Radical reactions between the enzyme and the support are the basis of the plasma deposition processes. In this paper we propose a two-step mechanism of laccase bio-recognition layer deposition involving (1) the creation of radicals on the solid support and bonding with available functional groups of laccase amino acids and (2) the creation of strong, covalent bonds between them. As is seen in Fig. 3a and b, Figure 3c shows that this tendency is not seen for deposition of laccase biorecognition layers onto MWCNT where the chemical structure of amino acids has greater significance for binding functional groups. DFT/B3LYP/6-311G(d,p) calculations showed that for bonding of laccase enzyme via its available -NH 2 groups, an environment of -N-H, -C=O and -CH 2 groups causes increases in the energy needed for covalent bond creation, respectively. The same tendency is seen for laccase deposition via available -OH groups of the laccase enzyme. The increase in covalent energy bonding via TYR molecules can be caused by interactions between delocalized electrons of benzene rings which lead to their parallel arrangement [45] . Energy binding of laccase amino acids is closely related to the energy barrier of covalent bond creation. DFT calculations carried out using B3LYP/6-311G(d,p) methods for an initial distance of reacting atoms 1.90 Å showed that bonds created inside a corona discharge plasma reaction zone need to overcome energy barriers to create the bonds presented in Table 2 . The lowest energy barriers should determine the reaction mechanism. Table 2 shows that the lowest energy barriers occurring during deposition of laccase are via -COOH groups of a GO support. The smallest energy barrier was found for covalent bond creation between these groups and -OH groups of SER laccase amino acids. For deposition of the bio-recognition layer via -OH groups of GO, the smallest energy barrier was found for creation of covalent bonds via GLN amino acids, but for deposition via ARG amino acids an energy barrier was not found. In case of bonding of laccase onto MWCNT support, energy barriers were found for its bonding via ARG, ASP, SER, THR TYR and LYS as is seen in Table 2 . This suggests that creation of strong, covalent bond via -OH groups of SER amino acids is the most probable. The comparison of energy binding, given in Table 1 , with energy barriers confirms the most probable way of laccase enzyme onto the studied carbon nanomaterials.
Electrostatic interactions characterization of laccase amino acids onto GO-OH, GO-COOH and MWCNT
Corona discharge plasma deposition of laccase can also occur by enzyme adsorption as a result of van der Waals or electrostatic interaction. The work Liu et al. [47] proposes that electrostatic interactions play the main role in adsorption of Ribonuclease A. Therefore, the second part of our DFT calculations was the modeling of electrostatic interactions occurring between the laccase molecule and the solid support surface. This was done on the basis of atomic charges determined by Mulliken population analysis. Figures 4 and 5a-j show atomic electrostatic potential distributions of overall laccase enzyme structure and amino acid functional groups potentially involved in attaching laccase to the carbon nanomaterials. In the case of the GO-coated support, the results indicate that C atoms of carboxyl groups of GO have positive charge indicating that they can electrostatically interact with negatively charged N atoms of ARG, GLN and LYS molecules or O atoms of ASP, GLN, SER, THR and TYR molecules, which are in keeping with previous results presented in work [47] . In contrast, negatively charged carbon atoms of benzene rings can electrostatically interact with H or C atoms of amino acids in the outer regions of the laccase molecule. The H or C atoms of amino acids can interact also with negatively charged O atoms occurring in hydroxyl groups of GO. In the case of the MWCNT-coated support, the analysis of atomic charges of C atoms of MWCNT showed that they are negatively charged and so able to interact with positively charged C or H atoms of amino acids. As is seen in Fig. 5j , carbon atoms occurring in the exterior of MWCNT are characterized by lower atomic charge indicating a lower energy threshold for interaction with laccase molecules.
Spectroscopic investigation of laccase biorecognition layer deposited by corona SPP
FTIR spectroscopic analysis of corona SPP-deposited laccase bio-recognition layers
Research into the mechanism of enzyme immobilization often uses spectroscopic techniques. Thus, laccase bio-recognition layers deposited on GO and MWCNT by corona SPP were analyzed using FTIR spectroscopy and spectra obtained from the as-deposited coatings were compared with spectra obtained theoretically by DFT/B3LYP/6-311g-dp methods presented in Sect. 3.1 and compared to literature data [55] . Comparison of the experimental FTIR peaks and those from the DFT/B3LYP/6-311g-dp methods are shown in Table 3 .
In the case of the GO support, the FTIR spectra include both laccase and GO peaks. The band observed in the experimental spectrum at * 3400 cm -1 appears also in the spectrum obtained by DFT methods in the wavenumber range 3486.40 cm -1 to 3496.85 cm -1 and is attributed to a stretching vibration of -NH 2 groups of laccase [1] . It indicates that not all of the laccase amino acids are involved in enzyme stabilization and bonding on carbon nanomaterial surfaces. A band appearing at * 2900 cm -1 in the experimental spectrum and at 2986.99 cm -1 in the theoretical spectrum is assigned to asymmetric stretching vibration of the -CH 2 group of ARG [1] , confirming that active plasma species present in the reaction zone do not significantly damage the main hydrocarbon chain of the ARG amino acid. Retention of the chemical structure of the other laccase amino acids potentially involved in the corona SPP deposition process is confirmed by two bands appearing both in experimental and theoretical spectra. The first band appears at wavenumber * 1450 cm -1 and corresponds to a bending vibration of the -CH 2 group of ARG, GLN, ASP, SER, TYR and LYS. The second band confirming retention of the chemical structure of laccase after plasma deposition is seen in the peak appearing at wavenumber * 1390 cm -1 in the experimental FTIR spectrum and at the range of wavenumbers 1371.05 cm -1 to 1397.43 cm -1 in the theoretical spectra. This is assigned to a wagging vibration of -CH 3 or -CH 2 groups. The presence of these groups in unchanged form has also been confirmed by bands observed at wavenumber * 1150 cm -1 recorded in both experimental and theoretical energies as wagging vibrations. The largely unchanged form of the amino acids post-plasma can also be confirmed by the peak at wavenumber * 1070 cm -1 in the experimental FTIR spectrum and the range of wavenumbers 1062.45 cm -1 to 1083.71 cm -1 in the theoretical energies corresponding to stretching vibrations of the C-C bond of the main hydrocarbon chain of ARG, ASP, GLN, SER, LYS, TYR and THR amino acids. Moreover, after the deposition process we also observe retention of the -C=N bond of ARG. The peak observed in the experimental spectrum at wavenumber * 1730 cm -1 and in DFT spectrum at wavenumbers 1707.78 cm -1 and 1717.78 cm -1 , respectively, for GO-COOH-ARG and GO-OH-ARG is attributed to ARG stretching vibrations [1] . Peaks corresponding to bending vibrations of -C-H bonds of benzene rings appear at wavenumbers 1274.88 cm -1 , 1238.88 cm -1 and 1215.50 cm -1 in the experimental FTIR spectrum and in the theoretical spectrum at wavenumbers 1219.76 cm -1 to 1277.46 cm -1 . Their presence clearly indicates that active corona plasma species do not change the structure of benzene rings of the amino acids. Retention of the benzene ring of TYR molecules post-plasma deposition is also confirmed by peaks at wavenumbers * 900 cm -1 and * 750 cm -1 appearing in both experimental and theoretical spectrum and assigned to wagging vibrations of CH bonds of benzene rings. Both the FTIR and theoretical spectra appear to confirm the essentially unchanged form of the solid GO support chemical structure. A peak corresponding to a stretching vibration of the C=C bond appears in Figure 4 The electrostatic potential maps of laccase enzyme shown in front, back top and down views (blue region: positive charge, red region: negative charges). [19] , clearly indicating that the benzene rings of GO postplasma process are retained.
In the case of the MWCNT support, Table 3 shows that FTIR spectrum of the as-deposited laccase on MWCNT includes peaks from both the enzyme and the solid support. Retention of the amino acids chemical structure is confirmed by symmetric and asymmetric stretching vibrations of -CH 2 groups. These peaks appear, respectively, at * 3080 cm -1 , 3025 cm -1 and 3060 cm -1 in the experimental FTIR spectrum and at wavenumbers * 3025 cm and * 1150 cm -1 , respectively, corresponding to bending vibrations of -NH 2 groups and stretching vibrations of -COOH indicating that not all such groups are involved in laccase cross-linking/polymerization through creation of amide bonds or in the bonding of polymerized/cross-linked laccase to the solid support. The experimental FTIR spectrum of the coating on MWCNT includes a peak from the solid support at * 1600 cm -1 assigned to stretching vibration of the C=C bond [37] . This implies that the chemical structure of MWCNT post-plasma is also retained.
Retention of the initial structure of external laccase amino acids indicates that active plasma species interact only with the amino acid functional groups, which recognition is essential to understanding the mechanism of low-energy corona SPP plasma deposition. Interaction of active plasma species with binding functional groups of external laccase amino acids is confirmed by retention of a high degree of laccase initial biological activity, as was presented in work [9] . It leads to the conclusion that the bonding of the enzyme occurs between -OH, -COOH or -NH 2 groups and the support. Therefore, we propose that interactions of active plasma species with these groups involve creation of -O Á , -COO Á and -NH Á radicals. The presence of peaks confirming retention of the chemical structure of GO and MWCNT after plasma treatment shows that enzyme deposition uses their functional groups through creation of suitable radicals. Such radicals within the plasma deposition process create covalent bonds to attach laccase enzyme molecule onto solid support, as was described in Sect. 3.1.1.
XPS analysis of laccase bio-recognition layers deposited by corona SPP
Investigation of the chemical composition of laccase bio-recognition layers deposited on GO and MWCNT by corona SPP has been performed using XPS analysis. Figure 6a and b shows XPS spectra for C1s core levels of laccase as-deposited layers on GO and MWCNT. The C1s spectra in Fig. 6a , b comprise six peaks corresponding to C-C or C-H bonds at 284.7 eV, C-O-C/C-OH/C-N bonds at 286.2 eV, C=O bond at 287.2 eV, O=C-O bond at 288.8 eV and C-F bonds at 291.4 eV and 293.7 eV. The peak areas indicate that the laccase layer deposited on MWCNT is characterized by a higher content of C-C or C-H. The N1s spectra shown in Fig. 6c, d clearly confirm the presence of laccase molecules. N1s core levels of laccase layers deposited on MWNCT and GO comprise three and two peaks, respectively, originating from amino, namely amide at 399.3 eV and imide at 400.2 eV groups, as well as from quaternary N atoms at 401.6 eV for laccase deposited on MWCNT. This indicates that during the plasma deposition process, protonation of amine groups of the enzyme can occur enabling easier interaction with positively charged atoms of the solid support. The presence of the peak coming from quaternary N indicates higher electrostatic interactions between positively charged N atoms and negatively charged C atoms of MWCNT. It leads to a conclusion that in the plasma deposition process of laccase enzyme sorption via electrostatic interaction predominates. This tends to be confirmed by the reduction in bioactive bio-recognition layers as a result of the washing out of deposited laccase molecules as presented in our earlier work [8] .
Conclusions
An innovative corona SPP technique has been successfully applied for deposition of laccase bio-recognition layers onto both GO and MWCNT. Optimization of plasma (voltage, helium carrier gas flow rate) and process (deposition time and laccase solution flow rate) parameters allows deposition of layers with a high degree of retention of initial precursor bioactivity, i.e., very low molecular damage. The aim of this work was investigation of the mechanism of plasma deposition of laccase bio-recognition layers at the molecular level. This paper assumes that the bio-layer can be deposited by corona plasma bonding of laccase enzyme onto the solid matrices as a result of radical reactions leading to formation of strong, covalent bonding and sorption as a result of electrostatic interactions. The quantum-chemical calculations show that the bonding energy of laccase to the support is strongly dependent on the specific carbon nanomaterial of the support.
Studies using the DFT quantum-chemical method indicate that attachment of the laccase bio-recognition layer onto GO can occur through the creation of covalent bonds between -OH groups of SER with -COOH groups of GO and between ARG molecules with -OH groups of GO. The process of plasma attachment of the laccase bio-recognition layer seems likely to include electrostatic interactions between the highly negative O atom of -OH groups and positively charged H or C atoms of GO. Quantum-chemical calculations showed that deposition of laccase molecules onto MWCNT also involves -OH groups of SER.
In summary, in the corona plasma it seems likely that O Á radicals are created in SER molecules which directly react with radicals of the carbon nanomaterials. FTIR spectra of the corona SPP laccase coatings determined using both experimental and theoretical DFT methods clearly show peaks coming from both laccase and the solid support. These data indicate that the main hydrocarbon chains and benzene rings of the amino acids in the outer regions of the laccase molecule are not substantially changed by the plasma process, an important condition for deposition of biocoatings with the highest possible bioactivity. XPS spectra show that during the plasma process protonation of amino groups of laccase can occur leading to formation of quaternary N which favors the occurrence of electrostatic interactions. The DFT modeling and experimental FTIR analysis confirm at the molecular level that application of the innovative, one-step corona SPP technique for deposition of laccase bio-recognition layers allows both polymerization of the laccase coating and its bonding to solid substrates without major changes to the external regions of the laccase molecule together with very high retention of the molecule's active center in unchanged form. This ability of corona SPP to put down bio-functional coatings in a simple, single step process without undue precursor molecular damage or compromising bioactivity may make the technique of interest to the biosensor community.
